During cortical development, newly generated neurons migrate radially toward their final positions. Although several candidate genes essential for this radial migration have been reported, the signaling pathways regulating it are largely unclear. Here we studied the role of phosphatidylinositol (PI) 3-kinase and its downstream signaling molecules in the radial migration of cortical neurons in vivo and in vitro. The expression of constitutively active and dominant-negative PI 3-kinases markedly inhibited radial migration. In the neocortical slice culture, a PI 3-kinase inhibitor suppressed the formation of GTP-bound Rac1 and Cdc42 and radial migration. Constitutively active and dominant-negative forms of Rac1 and Cdc42 but not Akt also significantly inhibited radial migration. In migrating neurons, wild-type Rac1 and Cdc42 showed different localizations; Rac1 localized to the plasma membrane and Cdc42 to the perinuclear region on the side of the leading processes. These results suggest that both the PI 3-kinase/Rac1 and Cdc42 pathways are involved in the radial migration of cortical neurons and that they have different roles.
During cortical development, newly generated neurons migrate radially toward their final positions. Although several candidate genes essential for this radial migration have been reported, the signaling pathways regulating it are largely unclear. Here we studied the role of phosphatidylinositol (PI) 3-kinase and its downstream signaling molecules in the radial migration of cortical neurons in vivo and in vitro. The expression of constitutively active and dominant-negative PI 3-kinases markedly inhibited radial migration. In the neocortical slice culture, a PI 3-kinase inhibitor suppressed the formation of GTP-bound Rac1 and Cdc42 and radial migration. Constitutively active and dominant-negative forms of Rac1 and Cdc42 but not Akt also significantly inhibited radial migration. In migrating neurons, wild-type Rac1 and Cdc42 showed different localizations; Rac1 localized to the plasma membrane and Cdc42 to the perinuclear region on the side of the leading processes. These results suggest that both the PI 3-kinase/Rac1 and Cdc42 pathways are involved in the radial migration of cortical neurons and that they have different roles.
During mammalian cortical development, neurons born in the cortical ventricular zone migrate radially, resulting in the inside-out formation of the cortical plate, which is composed of six layers. Although the molecular bases of radial migration are largely unknown, extracellular ligands and intracellular cytoskeletal and signaling components have been shown to be involved. Reelin, a large extracellular molecule secreted from Cajal-Retzius cells, is involved in the radial migration of cortical neurons and formation of the cortical plate (1) . Recent studies (2, 3) analyzing human neurological disorders such as lissencephaly and double cortex have identified LIS1 and double cortin as key molecules required for patterned neuronal migration in the neocortex. LIS1 and doublecortin and their associated proteins, including Nude and Nudel, co-localize with microtubules and/or centrosome in various types of cells, including neurons, and control their dynamics, suggesting they play key roles in radial migration through nucleokinesis (4) . Analyses of mutant mice have demonstrated roles for Cdk5 and its neuron-specific activator, p35, in radial migration (2, 3) . Moreover, Cdk5 phosphorylates doublecortin and/or focal adhesion kinase, altering their abilities to control microtubule dynamics (5, 6) . In addition, p35 binds directly to Rac1 in a GTP-dependent manner, and the Cdk5-p35 complex causes phosphorylation of Pak1, a downstream effector of Rac and Cdc42, in a Rac-dependent manner, resulting in the downregulation of Pak1 kinase activity (7) .
Phosphatidylinositol (PI) 1 3-kinase, which produces phosphatidylinositol 3,4,5-triphosphate (PI[3,4,5]P 3 ), is activated by several extracellular ligands, a process that is mediated through their receptor tyrosine kinases and G protein-coupled receptors (8, 9) . Several downstream signaling molecules of PI 3-kinase have been reported. In many kinds of cells, PI 3-kinase regulates cell polarization and migration via Rac, Cdc42, and/or Akt (protein kinase B). Rac1 and STEF/Tiam1, a Racspecific guanine nucleotide exchange factor, are involved in the radial migration of cortical neurons (10) . However, the precise function of the PI 3-kinase/Rac1 and/or Cdc42 pathways in neuronal migration has not been reported.
Here we demonstrate the involvement of the PI 3-kinase/ Rac1 and Cdc42 pathways in the radial migration of cortical neurons in vivo and in vitro. The excess activation and the inactivation of PI 3-kinase, Rac1, and Cdc42, but not Akt (protein kinase B), markedly inhibited radial migration. Consistent with this, a PI 3-kinase inhibitor suppressed radial migration and reduced the formation of GTP-bound Rac1 and Cdc42 in neocortical slice culture. We further demonstrate the differential localization of Rac1 and Cdc42 in migrating neurons. These results suggest different roles for the PI 3-kinase/Rac1 and Cdc42 pathways in the radial migration of cortical neurons.
EXPERIMENTAL PROCEDURES
Plasmids-We used pCAGGS, a mammalian expression vector driven by chicken ␤-actin promoter, as described previously (11) . To construct the expression vectors, the insert cDNAs were prepared from expression vectors for EGFP (pEGFPN1; Invitrogen), iSH2-p110␣ (gift from Dr. T. Katada), ⌬p85 (gift from Dr. I. Matsumura), Akt1-K179A (12), Akt2-K181A, and Akt3-K177A (described below), and wild-type or mutant Rac1 and Cdc42 containing the Myc tag (gift from Dr. S. Narumiya) by PCR or enzymatic digestion. The Akt2 and Akt3 cDNAs were amplified by reverse transcription-PCR with human placenta mRNA and subcloned into the pCS vector. Point mutations changing lysine to alanine in Akt2 and Akt3 (Akt2-K181A and Akt3-K177A, respectively) were generated by site-directed mutagenesis. The insert cDNAs were blunted and cloned into pCAGGS. All constructs were confirmed by DNA sequencing.
In Utero Electroporation-In utero electroporation was performed on ICR mice at embryonic day 15.5 (E15.5) as described previously (13) . ICR mice were provided by Japan SLC. In brief, expression vectors encoding GFP (0.2 g/l) and mutant proteins (described below) were co-injected into the lateral ventricle of the embryonic brain and co-electroporated with an Electro Square Porater BTX 830 (BTX). In all experiments except those using ⌬p85 and mutant forms of Akt, the expression vectors were used at a concentration of 0.2 g/l. The expression vectors encoding ⌬p85, Akt1-K179A, Akt2-K181, and Akt3-K177A were used at a concentration of 1.0 g/l. The brains were analyzed at 3 or 6 days after electroporation (E18.5 and P2, respectively).
Immunohistochemistry-The dissected mouse brains were fixed in 0.1 M phosphate buffer (PB) containing 4% paraformaldehyde and 5% sucrose for 4 h at 4°C. After fixation, the brains were cryoprotected with 25% sucrose in 0.1 M PB and embedded in OCT compound. Frontal sections (10-m thick) were prepared from the anterior half of the cerebral cortex. The following procedures were carried out at room temperature. The sections were pretreated with blocking solution A (5% normal goat serum, 0.2% bovine serum albumin, 0.1% Triton X-100, 5 mM NaN 3 , 0.1 M phosphate-buffered saline) or B (1% bovine serum albumin, 0.1% Triton X-100, 5 mM NaN 3 , 0.1 M phosphate-buffered saline) for 1 h and incubated with primary antibodies for 16 h. A mouse monoclonal anti-MAP2 antibody (1:2000, clone HM-2, Sigma) was preincubated with the Alexa Fluor 546 secondary antibody (1:500, Molecular Probes) in blocking solution A. Rabbit polyclonal anti-Myc (1:200) and anti-p85 (1:200) and goat polyclonal anti-p110␣ (1:100) and anti-Akt (1:200) antibodies (Santa Cruz Biotechnology) were used as primary antibodies. These antibodies from rabbit and goat were diluted with blocking solutions A and B, respectively. All primary antibodies were detected with AlexaFluor 546 secondary antibodies. Fluorescence images were obtained using a Pascal 5 confocal laser-scanning microscope (Carl Zeiss) and then processed with Adobe Photoshop software. We acquired stacked images from 30 optical slices at 0.36-m intervals, as shown in Fig. 4 .
Quantitative Analysis of Neuronal Migration-We subdivided the cerebral cortex into 5 regions (CP1, CP2, CP3, IZ, and VZ), counted the number of GFP-positive cells, and calculated the ratios of the GFPpositive cells to the total GFP-positive cells in the indicated regions as percentages with Excel software. In Figs. 1-3, CP1, CP2, and CP3 indicate the upper, middle, and lower regions of the cortical plate divided into three equal parts, respectively. Each value represents the average Ϯ S.D. of the data from five independent embryos.
Slice Culture of Neocortex-Slice culture of the neocortex was performed as described previously (14) with minor modifications. In brief, VZ cells were transfected with a GFP expression vector by in utero electroporation at E14.5, and 300-m-thick coronal slices were prepared from the dorsolateral part of the anterior half of the cerebral cortex at E16.0. Slices were placed on tissue culture membranes (Transwell-COL; Corning Glass) and cultured in growth medium (DMEM/F-12 containing N2 supplement and 10% fetal calf serum). After 2 h, 25, 50, or 200 M LY294002, a specific inhibitor of PI 3-kinase, or 0.5% Me 2 SO was added to the medium. To investigate the resumption of neuronal migration, slices were replaced in the new medium without LY294002 at 48 h and then observed at 72 h. GFP fluorescence and bright phase images were obtained using a Pascal 5 confocal laserscanning microscope (Carl Zeiss) at 2, 24, 48, and 72 h of culture. We analyzed the effect of LY294002 on the radial migration of GFP-positive cells from the IZ. To determine the viability of cells, the nonviable cells were labeled with propidium iodide (0.5 g/ml) after 48 h with or without LY294002 treatment.
GST-PAK Pull-down Assay-The Rac1 and Cdc42 activities were measured by pull-down assay by using GST-PAK-CRIB, which is a fusion protein of GST and the Cdc42/Rac-binding domain of PAK (15) . This method is used to measure the amount of GTP-bound Rac1 and Cdc42, because PAK only binds the GTP form of Rac1 and Cdc42. The prokaryotic GST-PAK-CRIB expression vector was a kind gift from Dr. S. Narumiya. The dorsal part of the cerebral cortex was taken from E16.0 ICR mouse brains, and cortical slices were prepared. These slices were cultured for 16 h with mild agitation in culture medium (Neurobasal medium supplemented with B27 and 0.5 mM glutamine) containing LY294002 (25 M or 50 M) or Me 2 SO (0.5%). Cultured slices were extracted with lysis buffer (10 mM MgCl 2 , 500 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.2). The extracts were incubated for 60 min at 4°C with purified GST-PAK-CRIB produced by Escherichia coli that was immobilized on glutathione-Sepharose 4B (Amersham Biosciences). After the GST-PAK-CRIBglutathione-Sepharose 4B was washed three times, the amounts of Rac1, Cdc42, and Akt1 were analyzed by immunoblotting using mouse monoclonal anti-Rac1 (Transduction Laboratories), rabbit polyclonal anti-Cdc42 (Santa Cruz Biotechnology), anti-phospho-Akt (Cell Signaling), and goat polyclonal anti-Akt (Santa Cruz Biotechnology) antibodies. We measured the intensities of corresponding bands by NIH Image J and further processed the data by using Excel and Cricket Graf software. Each value of quantitative data represents the average Ϯ S.D. from three independent experiments.
RESULTS
To investigate the role of PI 3-kinase and its downstream signaling molecules in the radial migration of cortical neurons, we performed in utero electroporation to introduce expression vectors encoding GFP with or without signaling molecules into neuronal progenitor cells at the cortical VZ of embryonic brains at E15.5, and we then analyzed the radial migration of the labeled neurons in the cerebral cortex. When GFP expression vector (0.2 g/l) alone was introduced, many GFP-positive cells migrated to both the IZ and the lower region of the CP at E18.5 (Fig. 1A, upper panels) . More than 80% of the total GFP-positive cells had reached the upper region of the CP, corresponding to layers II/III, on postnatal day 2 (P2) ( Fig. 1A , lower panels). Fewer than 10% of the labeled cells remained within the IZ and the lower regions of the CP (Fig. 1, A and D) . These migration patterns were not altered when the amount of GFP expression vector was varied (data not shown). Thus, exogenous GFP was useful for monitoring neuronal migration and did not itself interfere with the migration. Quantitative analysis are summarized in Table I .
We next analyzed the expression of the catalytic subunits of class I PI 3-kinase during cortical development. Immunoblotting showed that the p110␣ and ␤ subunits were intensely expressed throughout cortical development (data not shown). Thus, the major isoforms of PI 3-kinase expressed during cortical development are of class IA. We then examined the effect of class IA PI 3-kinases on the radial migration of cortical neurons by using constitutively active and dominant-negative forms of them in vivo (Fig. 1, B and C) . Double immunolabeling for GFP and the mutant PI 3-kinases showed that GFP and the PI 3-kinase variants were co-expressed in almost all the transfected cells examined (Fig. 1, B and C) . Therefore, GFP was used to identify the neurons expressing mutated PI 3-kinase. When a constitutively active form of PI 3-kinase, iSH2-p110␣ (iSH2-PI3K), and GFP were co-expressed, the radial migration was markedly suppressed. Fifty percent of the co-expressed cells were found in the IZ (Fig. 1, B and D) . About 10% of the co-expressed cells remained within the VZ, which was similar to when the cells expressed GFP alone. The expression of a dominant-negative form of class IA PI 3-kinase, ⌬p85, also suppressed the radial migration. The labeled cells were diffusely distributed from the VZ/SVZ and the IZ to the CP (Fig.  1, C and D) . By using neocortical slice culture, we further examined the effect of a PI 3-kinase inhibitor on the radial migration. In control slices, most of the GFP-positive cells remained within the IZ after 2 h in culture and had migrated to the CP after 24 h. Many GFP-positive cells migrated further, into the CP toward the pial surface, after 48 h (Fig. 1E, upper  panels) . When treated with a PI 3-kinase inhibitor (25 M LY294002), the radial migration of the GFP-positive cells was slightly retarded after 24 h and further inhibited after 48 h (Fig. 1E, lower panels) . A similar effect was observed using 50 M LY294002 (data not shown). At the concentrations of LY294002 used here (25 and 50 M), almost all of the GFPpositive cells were propidium iodide-negative, indicating that they are viable. Treatment with excess amounts of LY294002 (200 M) markedly increased in PI-positive nonviable cells, in association with a dramatic decrease in the GFP-positive cells (Fig. 1E ). Thus, LY294002 (25-50 M) inhibited neuronal migration but did not affect the cell survival. Taken together, these results suggest that PI 3-kinase is required for the radial migration of cortical neurons.
It has been well documented that PI 3-kinase regulates cel- Electroporation was performed at E15.5 and analyzed at E18.5 (upper right three panels) or P2 (lower panels). Thin sections of the cerebral cortex were immunostained with anti-MAP2 antibody, a marker for post-mitotic neurons. An image showing the distributions of GFP fluorescence throughout the brain at P2 is shown in the upper left panel. Many GFP-positive cells migrated radially toward the CP at E18.5, and almost all the cells reached the upper region of the CP at P2. B and C, expression vectors encoding constitutively active (pCAGGS-iSH2-p110␣) or dominantnegative (pCAGGS-⌬p85) PI 3-kinase and GFP (pCAGGS-EGFP) were co-transfected into the VZ of embryonic brains using electroporation at E15.5, and coronal sections were analyzed at P2. Higher magnification views of the boxed region are shown with MAP2 immunofluorescence (upper right three panels). Immunostaining against p110␣ or p85 was performed to confirm the co-expression of GFP and iSH2-p110␣ (lower right three panels). D, quantitative analysis of A-C. The cerebral cortex was subdivided into five regions, indicated as CP1, CP2, CP3, IZ, and VZ/SVZ, and the number of GFP-positive cells and the frequency of cell position were counted. CP1, CP2, and CP3 indicate the upper, middle, and lower regions of the CP divided into three equal parts, respectively. E, the effect of LY294002, a specific inhibitor for PI 3-kinase, on the radial migration in neocortical slice culture. Prior to preparing the neocortical slices, in utero electroporation was performed at E14.5 to label the neurons with GFP. Neocortical slices were prepared at E16.0 and treated with 0.5% Me 2 SO or 25 or 200 M LY294002. Images were taken at 2, 24, and 48 h and shown as GFP fluorescence images (green). After 48 h, nonviable cells were stained with propidium iodide (PI, red). Higher magnifications of the boxed lular events, including cell migration, through its downstream signaling molecules, which include Akt, Rac1, and Cdc42. Because immunoblotting showed the expression of Akt, Rac1, and Cdc42 throughout cortical development (data not shown), we investigated their roles in the radial migration of cortical neurons. We performed GST-PAK pull-down assays to examine the effect of LY294002 on the Akt, Rac1, and Cdc42 activities. When neocortical slices were treated with LY294002 (25 or 50 M), the amounts of GTP-bound Rac1 and Cdc42 and phosphorylated Akt decreased in a LY294002 dose-dependent manner ( Fig. 2A) . These results suggested that Akt, Rac1, and Cdc42 act as possible downstream effectors of PI 3-kinase signaling during cortical development.
Of these three molecules, we first examined the involvement of Akt on the radial migration. When dominant-negative Akt1 (Akt1-K179A) and GFP were co-expressed, the radial migration of GFP-positive cells was not affected. More than 70% of the cells migrated normally (Fig. 2, B and C) . Similarly, dominant-negative Akt2 (Akt2-K181A) and Akt3 (Akt3-K177A) had no effect on the radial migration (data not shown). These results indicated that a major downstream target of PI 3-kinase, Akt, is not involved in the radial migration of cortical neurons.
We next analyzed the roles of Rac1 and Cdc42 in the radial migration. When constitutively active Rac1 (V12Rac1) and GFP were co-expressed, the radial migration of GFP-positive cells was significantly suppressed, similar to the suppression seen in cells co-expressing the mutant PI 3-kinases. The GFP-positive cells co-expressing V12Rac1 showed a loss of leading processes. The radial migration of cells co-expressing dominant-negative Rac1 (N17Rac1) and GFP was also markedly retarded (Fig. 3, A and   FIG. 2 . PI 3-kinase acts upstream of Akt, Rac1, and Cdc42 in the neocortex. A, the effect of LY294002 on the activation states of Akt, Rac1, and Cdc42. Neocortical slices were treated with 25 or 50 M LY294002 for 16 h followed by GST-PAK pull-down assay. The amounts of Rac1, Cdc42, Akt, and phospho-Akt were determined by immunoblotting with anti-Rac1, -Cdc42, -Akt, and -phospho-Akt antibodies (left). The immunoblotting data were quantified from three independent experiments (right). B, expression vectors encoding dominant-negative Akt (pCAGGS-Akt1-K179A) and GFP (pCAGGS-EGFP) were co-transfected into the neocortical VZ using in utero electroporation at E15.5, and coronal sections were analyzed at P2. Higher magnification views of the boxed region are shown with MAP2 immunofluorescence (upper right three panels). Immunostaining against Akt was performed to confirm the co-expression of GFP and Akt1-K179A (lower right three panels). C, quantitative analysis of B. The number of GFP-positive cells and the frequency of cell position were counted described in Fig. 1D . Bar, 50 m. E). More than 40% of the GFP-positive cells remained within the IZ (Fig. 3, B and E) . When constitutively active Cdc42 (V12Cdc42) and GFP were co-expressed, more than 60% of the GFP-positive cells migrated normally (Fig. 3, C and E) . Only 12.6 Ϯ 2.7% (mean Ϯ S.E., n ϭ 5) of the transfected cells remained in the VZ/SVZ and in the IZ, where they formed cell clusters. When dominant-negative Cdc42 (N17Cdc42) and GFP were co-expressed, the radial migration was inhibited; this effect was similar to, although not as strong as, that seen with N17Rac1 (Fig. 3, D and E) . These results suggest that Rac1 and Cdc42 are downstream molecules of PI 3-kinase with different roles in the radial migration of cortical neurons. To investigate the different roles of Rac1 and Cdc42 in the radial migration, we compared the localization of wild-type Rac1 (WT-Rac1) and Cdc42 (WT-Cdc42) in radially migrating neurons in vivo (Fig. 4) . The WT-Rac1 was specifically targeted to the plasma membrane of migrating neurons (Fig. 4, left panels) . WT-Cdc42 was mainly localized to the perinuclear region on the side of the leading processes ( Fig. 4, right panels) . These results suggest that Rac1 and Cdc42 are differentially involved in the radial migration of cortical neurons, with roles in the regulation of leading process formation and cell polarity, respectively.
DISCUSSION
Postmitotic neurons generated in the VZ migrate into and form the CP via the following steps: release from the VZ, migration guided by radial glia, and positioning in the appropriate layers (2, 3) . As demonstrated here, mutant PI 3-kinase, Rac1, and Cdc42, but not Akt, inhibited the radial migration of cortical neurons. The PI 3-kinase mutants and/or GFP-trans- (pCAGGS-N17Cdc42), and GFP (pCAGGS-EGFP) were co-transfected into the neocortical VZ using in utero electroporation at E15.5, and coronal sections were analyzed at P2. The higher magnification views of the boxed region are shown with MAP2 immunofluorescence (upper right three panels). Immunostaining against the Myc tag was performed to confirm the co-expression of GFP and mutated Rac1 or Cdc42 (lower right three panels). E, quantitative analysis of A-D. The number of GFP-positive cells and the frequency of cell position were counted described in Fig. 1D . Bar, 50 m. fected cells remaining within the VZ were only a minor population, suggesting that the PI 3-kinase pathways link to the radial glia-guided migration but not to release from the VZ. What might act upstream of PI 3-kinase? It has been well documented that integrin signaling through PI 3-kinase activation is involved in cell migration, invasion, and spreading (16) . The integrin family of cell-surface receptors is reported to function in the radial glia-guided neuronal migration through neuron-glia interactions (17, 18) . Laminin is transiently expressed on the cell surface of radial glial fibers during central nervous system development (19) , and inhibition of ␤ 1 integrins with their blocking antibodies induces the detachment of migrating neurons from radial glial fibers (17, 18) . Thus, neuronal integrins interacting with their ligands, such as laminin distributed along radial glial fibers, may act as an upstream activator of PI 3-kinase in the radial migration.
PI 3-kinase is reported to have a role in chemotaxis. For example, PI 3-kinase and its product PI(3,4,5)P 3 are involved in the chemotaxis of Dictyostelium and neutrophils (20 -23) . In these cells, PI(3,4,5)P 3 is produced by the stimulation of chemoattractants and accumulates at the leading edge of the cells. Dictyostelium lacking PTEN, a PI 3-phosphatase, displays a broad irregular leading edge, with slow movement. These observations suggest that the local accumulation of PI(3,4,5)P 3 at the proper regions is critical for chemotaxis in these cells. We demonstrated that both excess activation and inactivation of PI 3-kinase markedly suppressed the radial migration of cortical neurons in vivo. When cortical slices were treated with the PI 3-kinase inhibitor (LY294002, 25-50 M), neuronal migration was also suppressed without cytotoxicity. We further investigated the reversibility of neuronal migration inhibited by LY294002. Neuronal migration was, however, irreversible (data not shown). This may be due to the possibility that once migrating neurons deviate from radial fibers, the cells might never migrate again. Our results taken together with the previous reports suggest that the proper activation of PI 3-kinase in regions that correspond to the critical regions in Dictyostelium and neutrophils may be play a similar role in the radial migration of cortical neurons as it does in the movement of non-neuronal cells.
We demonstrated that Rac1 and Cdc42 act as downstream signaling molecules of PI 3-kinase in neuronal migration. The PI 3-kinase/Rac1 and/or Cdc42 pathways play important roles in cellular processes, including the maintenance of cell polarity and migration in mammalian cells (24 -26) . The lipid product of PI 3-kinase, PI(3,4,5)P 3 , can greatly enhance the guanine nucleotide exchange factor activity for the Rho family GTPases, resulting in the activation of Rac and/or Cdc42 (27) . In addition, GTP-bound Rac1 and Cdc42 can directly bind p85, a regulatory subunit of PI 3-kinase, and activate PI 3-kinase (28, 29) , which in turn further increases the level of PI(3,4,5) P 3 . Thus, these direct and/or indirect activation pathways may provide a link between the PI 3-kinase and Rac1 and/or Cdc42 signaling pathways in the radial migration of cortical neurons.
What does the differential distribution of Rac1 and Cdc42 in migrating neurons reflect? A previous study (30) reported the importance of the plasma membrane localization of Rac1 for cell adhesion in mammalian cells. Translocation of Rac to the plasma membrane is required for the activation of its effectors and cytoskeletal modification, including integrin-mediated cell adhesion to the extracellular matrix (30) . Because we observed FIG. 4 . Differential distribution of Rac1 and Cdc42 in migrating neurons. The subcellular distribution of Rac1 and Cdc42 in migrating neurons. Expression vectors encoding Myc-tagged versions of wild-type Rac1 (pCAGGS-WT-Rac1) or Cdc42 (pCAGGS-WT-Cdc42) and GFP (pCAGGS-EGFP) were co-transfected into the neocortical VZ using in utero electroporation at E15.5, and coronal sections were analyzed at E18.5. Immunostaining against the Myc tag was performed to analyze the localization of Rac1 and Cdc42 in migrating neurons. Stacked images were constructed from 30 optical slices at 0.36-m intervals (1st and 3rd panels), and higher magnification images located at the middle part of the stacked images (the boxed regions) are shown in the 2nd and 4th panels. that neurons expressing mutant Rac1 lost their leading processes, the membrane localization of Rac1 may be required for its activation and for the formation of leading processes and/or their adhesion to radial glial fibers. The perinuclear localization of Cdc42 in migrating neurons probably corresponds to the centrosome (also called the microtubule organizing center (MTOC)) because of its positioning in the direction of migration. Cdc42 is also required for lysophosphatidic acid-induced MTOC orientation (31) and the MTOC reorientation of wounded astrocytes (32) . In humans, spontaneous mutation of the gene involved in MTOC orientation causes a neurological disorder, lissencephaly, that is associated with abnormal neuronal migration in the cerebral cortex (2, 3) . Therefore, the perinuclear localization of Cdc42 may reflect the importance of Cdc42 for the regulation of MTOC orientation in migrating neurons. Taken together, we propose a model of PI 3-kinase/ Rac1-and Cdc42-linked radial migration of cortical neurons (Fig. 5 ). Although we could not rule out the involvement of other downstream effectors of PI 3-kinase in neuronal migration, our findings are consistent with previous studies on chemotaxis in non-neuronal cells and suggest similarities in cell migration between neuronal and non-neuronal cells. Our present study provides important insights into the molecular mechanisms underlying neuronal migration and cortical formation.
